Summary. Univalent (Fab) rabbit anti-hamster sperm antibodies added to an in-vitro fertilization system did not interfere with the sperm acrosome reaction or motility, but inhibited cumulus dispersion by the spermatozoa, sperm binding to and passage through the zona pellucida as well as sperm\p=n-\egg fusion. Addition of the Fab preparations to the capacitated spermatozoa at various times before or up to 40\p=n-\45 min after the sperm-egg mixing prevented penetration of spermatozoa through the zona pellucida. Detachment of the spermatozoa already bound as well as those partly inside the zona pellucida was achieved by a late addition of antibodies. In experiments with zona-free hamster eggs, addition of the Fab antibodies to the spermatozoa 10 min to 5 h before the introduction of unfertilized eggs reduced the rate of adhesion and fertilization to very low levels. These antibodies were not absorbed on hamster ovary, liver or kidney and had no direct effect on the fertilizability of zona-intact or zona-free eggs.
Introduction
Antibodies against both gametes have been used by investigators for studies on the mechanism of mammalian fertilization and for evaluating their potential for fertility control. Antibodies against the ovary (Shivers, Dudkiewicz, Franclin & Fussell, 1972; Oikawa & Yanagimachi, 1975; Tsunoda & Chang, 1976) , the egg (Tsunoda, 1977) and the zona pellucida (Gwatkin, Williams & Carlo, 1977) precipitate on the zona pellucida and inhibit sperm binding and subse¬ quent penetration, probably by blocking specific sperm receptors on the zona pellucida (Dunbar & Shivers, 1976) . Anti-sperm bivalent antibodies exhibit non-specific actions, since sperm agglutination and immobilization are observed (Metz, 1972) . Of the three steps in sperm entry into the egg, passage through the cumulus oophorus, through the zona pellucida and through the egg plasma membrane, only the first has previously been shown to be inhibited by univalent antisperm antibodies (Metz, 1972 (Metz, , 1973  Dunbar, Muñoz, Cordle & Metz, 1976) .
The interactions of hamster spermatozoa with the zona pellucida are complex (Hartmann & Hutchison, 1974a, b) . Capacitated hamster spermatozoa mixed with cumulus-free eggs form a species-specific tight binding to the egg before penetration. Penetration through the zona pellucida is believed to depend on the action of sperm acrosin but this has not yet been con¬ clusively established (Gwatkin, 1977; Bedford & Cross, 1978) .
Little is known about the molecular mechanism of sperm-egg membrane fusion in mammals (Austin, 1975; Gwatkin, 1976) . Fusion commences between the egg membrane and the sperm plasma membrane at the site that overlies the post-acrosomal region (Bedford, 1972) ; both sperm capacitation and the acrosome reaction are prerequisites for the fusion (Yanagimachi, 1977; Hanada & Chang, 1978) . A strong specificity for fusion between the spermatozoon and the egg seems to exist since there is no convincing evidence for spontaneous real fusion of gametes with somatic cells or between similar gametes (Phillips et al, 1976) . Thus some elements of mutual recognition between sperm and egg surfaces may exist (Austin, 1975 (Yanagimachi, Yanagimachi & Rogers, 1976) . Spermatozoa were collected from the cauda epididymidis of 3-5-month-old hamsters.
Antibodies to hamster spermatozoa were produced in rabbits by two i.v. injections (20 days apart) of 6 IO8 hamster spermatozoa after they had been washed three times in saline (0-15 mNaCl). The rabbits were bled 6 days after the last injection. Ammonium sulphate-precipitatedglobulin preparations of preimmune and immune sera were conjugated with fluorescein isothiocynate (FITC, Isomer 1 : Sigma). Sperm suspensions were incubated with the FITC-conjugated globulins for 30 min; then they were washed and examined with a fluorescence microscope. Pre¬ immune and immune -globulins were treated with papain (Porter, 1959) to obtain univalent fragments (Fab); any undigested -globulin was eliminated by passage through a Sephadex G-100 column. Traces of active papain in the solution of Fab antibodies were denatured by reducing the pH to 2-3 for 15 min at 37°C; then the pH was readjusted to pH 7 and the solution was dialysed against cold saline overnight.
The culture medium was a modified Tyrode solution (with 30 mg sodium pyruvate/1, pH 7-6 in 5% C02-air, which contained 15% heat-inactivated (60 min at 60°C) human serum. The fertilization droplets were of 7-5 ul medium and contained about 5 IO6 epididymal spermatozoa/ml. In all the experiments, fresh cumulus masses were added to the droplets from the beginning of sperm culture. In the experiments in which the penetration of cumulus-free and zona-free eggs were studied, the eggs of the initially added cumuli were withdrawn from the fertilization droplets 30-50 min after the addition of the cumuli and were discarded; new denuded eggs were added after 5 h when capacitation and the acrosome reaction had taken place. At (Yanagimachi, 1970) were not affected by the Fab antibodies (Table 1) .
To investigate further the influence of the Fab antibodies on the sperm-zona interaction, experiments were carried out with hyaluronidase-treated cumulus-free eggs and spermatozoa that were already acrosome reacted before the addition of the Fab antibodies ( Table 2 ). The sperm attachment to the zona pellucida was largely inhibited by the Fab antibodies when added at any time to the fertilization droplets. When the eggs were added to the acrosome-reacted spermatozoa in the absence of antibodies there was attachment of about 15-25 spermatozoa on each egg within 10 min; most of these spermatozoa subsequently became detached from the eggs within a few minutes after the addition of the antibodies. The penetration of spermatozoa through the zona pellucida was completely inhibited even when the acrosome-reacted spermatozoa were preincubated with the antibodies for only 10 min before the addition of the eggs and simultaneous addition of antibodies and eggs to the spermatozoa virtually blocked the penetration (Table 2 ). Experiments performed on various days always gave significant (P < 0-001) inhibition of penetration.
The capacity of the antibodies to destroy the bond of capacitated spermatozoa on the zona pellucida and to prevent the penetration when added at various times after the mixing of acrosome-reacted spermatozoa with cumulus-free eggs is shown in Text- fig. 1 and Table 3 re¬ spectively. Even 90 min after the sperm-egg mixing when fertilization had already taken place and some additional sperm heads were partly inside the zona pellucida, the antibodies were capable of denuding the eggs of these spermatozoa (Text- fig. 1 ). Careful observation of the eggs from droplets in which the antibodies were added 30-90 min after the sperm-egg mixing showed many empty partial openings in the zonas which were probably formed by spermatozoa before the addition of the antibodies. Significant (P < 0-001) blockage of penetration was prevented (Table 4A ). Preincubation of the capacitated spermatozoa with the Fab antibodies from 10 min to 5 h gave consistent results with virtual blockage of fertilization of eggs. Further¬ more, even simultaneous addition of antibodies and eggs to the capacitated spermatozoa largely inhibited fertilization. Experiments performed on different days always gave significant (P < 0-001) inhibition of fertilization in presence of the antibodies. These results show that the inhibitory effect of antibodies on sperm-egg fusion is exerted almost instantaneously. By con¬ trast, the addition of antibodies 10 min after introduction of eggs with capacitated spermatozoa 6-53 ± 1-24 * After 5 h of sperm preincubation the zona-free eggs were added to the droplets and the Fab fragments were added before (-), with or after (+) the eggs.
was not very effective in blocking fertilization since most eggs subsequently showed sperm head swellings (Table 4B) .
A comparison of the effect of antibody concentration on the penetration of zona-intact eggs and fusion with the zona-free eggs is presented in Table 5 : 2 mg antibody/ml were sufficient to block completely the penetration of the zona whereas 3-4 mg/ml were required for the complete inhibition of the interaction of spermatozoa with zona-free eggs. (Table 6) . These results appear to show that the anti-sperm antibodies used were specific against sperm constituents and responsible for the inhibition of the sperm-egg inter¬ action and did not act on the egg.
Discussion
These studies show that univalent anti-hamster sperm antibodies added to an in-vitro fertili¬ zation system exhibit a multiple inhibitory effect on sperm passage through the egg investments. There is no general harmful effect on the spermatozoa since both the acrosome reaction and the sperm motility were unaffected. Therefore it appears that the Fab antibodies may act specifically on sperm enzymes and/or on receptors for zona pellucida and egg membrane.
Inhibition of cumulus dispersion by univalent anti-rabbit sperm antibodies and univalent antibodies against purified rabbit sperm hyaluronidase has been well established by Metz (1972 Metz ( , 1973 , Russo & Metz (1974) . In the present study an inhibition of cumulus dispersion by a univalent anti-sperm antibody has been shown to occur for hamster gametes.
Inhibition of sperm-zona pellucida binding by treating the eggs with antibodies, lectins or proteolytic enzymes suggests the existence of receptors for spermatozoa on the zona surface (Dunbar & Shivers, 1976; Gwatkin, 1977) . Preparations of solubilized hamster zonae pellucidae retain the receptor-for-sperm activity . In contrast to the infor¬ mation on the receptor for spermatozoa on the zona pellucida there is no information on the existence of a complementary receptor on the male gamete (Gwatkin, 1977; Yanagimachi, 1977) . This study shows the involvement of anti-sperm antibodies in the sperm-zona pellucida interaction for the first time. The experiments with the cumulus-free eggs show that the binding of the spermatozoa to the zona pellucida is strongly inhibited. The model of Hartmann & Hutchison (1974a, b) proposes one loose attachment and two binding steps (bl, b2) for the hamster sperm-zona pellucida interaction before penetration starts. Tables 3 and 5 show that the Fab anti-sperm antibodies are capable of stopping the sperm-zona pellucida interaction at any stage, detaching not only those spermatozoa that are loosely attached but also those that are tightly bound and those that are already on their way through the zona. It is not known whether the antibodies inhibit an enzyme, such as acrosin, or receptors for zona or both. Meizel & Mukerji (1975) report that the uncapacitated spermatozoa do not contain acrosin but proacrosin which is activated to acrosin during capacitation. Although the present antibodies were raised against uncapacitated spermatozoa, it is highly likely that antibodies raised against proacrosin may cross-react with acrosin since these two molecules should have many common determinants. The fact that the antibodies not only stop the passage of the spermatozoa through the zona pellucida but also release them into the medium favours the inhibition of receptors for the zona pellucida; such receptors could keep the spermatozoa bound to the zona during their passage through it.
Three explanations for the observed inhibition of sperm-egg fusion by the antibodies can be presented; (1) Since anti-zona pellucida antibodies are not strictly species-specific and the sperm-egg fusion species-specificity is weak (Hanada & Chang, 1978) it will be interesting to study the effect of the anti-hamster sperm antibodies on fertilization systems of other animals, and especially on the sperm-zona pellucida binding stage and on the sperm-egg membrane interaction stage. Hamster zona-free eggs can substitute for human eggs to assess the fertilizing capacity of human spermatozoa (Yanagimachi et al, 1976) . These investigations could therefore have clinical significance when applied to the examination of the effects on human spermatozoa of auto-and isoantibodies in infertile couples.
